Background-The trefoil peptides are major secretory products of mucus cells of the gastrointestinal tract and show increased expression after inflammatory or ulcerative damage. Recombinant human TFF2 (spasmolytic polypeptide) has been shown to be cytoprotective, and enhances repair in models of gastric injury. Aims-To test the healing eVects of recombinant human (h)TFF2 in a rat model of chronic colitis. Methods-Colitis was induced by intracolonic administration of dinitrobenzene sulphonic acid in ethanol. Mucosal repair was quantified macroscopically, microscopically by image analysis of tissue histology, and by measuring myeloperoxidase activity. Results-Initial validation studies showed that maximal injury and inflammation occurred at the end of the first week after colitis induction (active phase), and that spontaneous healing was complete by eight weeks. Once daily intrarectal application of hTFF2 (2.5 mg/kg; approximately 0.5 mg/rat) for five days after maximal damage had been sustained, reduced both microscopic and macroscopic injury by 80% and inflammatory index by 50% compared with vehicle controls. In addition, endogenous concentrations of rat TFF2 and TFF3 (intestinal trefoil factor) were increased in the active phase of colitis and were reduced to basal levels by hTFF2 treatment. Conclusions-This study has shown that hTFF2 enhances the rate of colonic epithelial repair, and reduces local inflammation in a rat model of colitis, and suggests that luminal application of trefoil peptides may have therapeutic potential in the treatment of inflammatory bowel disease. (Gut 1999;44:636-642) 
The family of trefoil peptides shares a common structural feature which is one or more copies of the trefoil motif. 1 2 This motif consists of a triple loop (trefoil) structure created by three interchain disulphide bonds between six cysteine residues. 3 4 Three mammalian trefoil peptides have been found abundantly with selective distribution in the gastrointestinal tract. TFF1 (pS2), a peptide containing one trefoil motif was first characterised from the MCF-7 human breast cancer cell line 5 and was later localised in the mucus producing superficial epithelial cells throughout the normal stomach. 6 7 Similarly, TFF2 or spasmolytic peptide (SP) with two trefoil motifs, is found throughout the gastric mucosa, but predominantly in the deeper glandular mucous cells of the gastric antrum. 7 8 TFF3 or intestinal trefoil factor (ITF) containing a single trefoil domain, is secreted by goblet cells of both the small and large intestine. 9 10 Other related proteins, which contain up to six trefoil motifs, have been found in amphibian skin 11 and stomach. 12 In addition to their normal distribution in the digestive tract, trefoil peptide expression is upregulated in conditions such as peptic ulceration and inflammatory bowel disease (IBD). [13] [14] [15] This enhanced expression has been associated with an ulcer associated cell lineage which develops from the glands/crypts adjacent to the ulcer. 13 16 Recent evidence suggests that the upregulation of trefoil expression is prominent during the repair phase after injury, 17 18 and may be dependent on the increased expression of the epidermal growth factor receptor ligand transforming growth factor (TGF-). 19 The probable reparative functions of the trefoil peptides have been further clarified by recent studies using transgenic animals in which expression of particular trefoil genes has been ablated or augmented. Studies using TFF3 knockout mice revealed a normal phenotype but with increased sensitivity to damaging agents. 20 TFF1 knockout mice had dysfunctional gastric mucus production; all developed gastric adenomas, and one third neoplasia. 21 Application of recombinant trefoil peptides has shown that TFF2 and TFF3 are able to promote cell migration in vitro, both alone and in the presence of mucin glycoproteins, 22 23 as well as protect against gastric injury induced by ethanol or indomethacin in rats. 23 24 These preliminary findings, together with their pattern of distribution and co-production with mucus in the gut, suggests that trefoil peptides are involved in mucosal protection and repair.
While there is evidence for a cytoprotective eVect for trefoils in models of gastric damage, the eVect of trefoil peptides on colonic injury has not been rigorously explored. In this study, we have quantified the reparative eVects of the recombinant human trefoil peptide TFF2 (spasmolytic polypeptide) in the dinitrobenzenesulphonic acid (DNBS)/ethanol model of chronic colitis in the rat. 25 This model was chosen because it replicates many of the histopathological and clinical features of IBD in humans. Here we report for the first time that recombinant TFF2 potently accelerates healing, and downregulates inflammation during the active phase of colitis.
Methods

ANIMALS
Male, Long-Evans Wistar rats (220-280 g; Monash Animal Service, Victoria, Australia) were used in these experiments. The rats were housed in standard cages (four animals per cage) and fed standard laboratory chow and tap water ad libitum.
INDUCTION OF COLITIS
Colitis was induced by a single intracolonic administration of 0.2 ml of 50% ethanol (vol/vol) containing DNBS (ICN) at 120 mg/ml, based on a method described previously. 26 Briefly, a flexible plastic cannula with an outside diameter of 2 mm was inserted rectally into a lightly anaesthetised rat so that the tip was 8 cm proximal to the anus. After delivering the required dose of DNBS/ethanol solution, the cannula was left in place for about 10 seconds, then gently removed, and the rat returned to the cage. Application method controls (saline) were included for each experiment, in which a separate group of rats received 0.9% phosphate buVered saline instead of DNBS.
EXPERIMENTAL DESIGN
Time course of damage and model validation study Rats (four per group) were sacrificed at one, two, three, four, and eight weeks after colitis induction (fig 1; protocol A) . Damage and inflammation were assessed as described below. Figure 1 (protocol B) illustrates the course of treatment. Six days after colitis induction (at maximal ulceration and inflammation), rats (n =8) were treated by intrarectal administration of vehicle (0.2 ml of 1% carboxymethylcellulose; MC) or human glycosylated recombinant TFF2 27 at 2.5 mg/ml in MC, once daily for five days. This dose was based on previous in vivo studies of damage repair in the stomach. 28 All rats were killed 24 hours after the last dose of TFF2 or vehicle.
Healing study
ASSESSMENT OF MACROSCOPIC DAMAGE
The distal 10 cm of the rat colon and rectum was excised, opened longitudinally, washed in saline buVer, and pinned out on a wax block. Macroscopic damage was assessed by the scoring system of Wallace and Keenan 29 which takes into account the area of inflammation and the presence or absence of ulcers. The criteria for assessing macroscopic damage and the numerical rating score were as follows: 0, no ulcer, no inflammation; 1, no ulcer, local hyperaemia; 2, ulceration without hyperaemia; 3, ulceration and inflammation at one site only; 4, two or more sites of ulceration and inflammation; 5, ulceration extending more than 2 cm; 6-10, increment of 1 for each centimetre of ulceration greater than 2. Randomised tissue samples from the site of DNBS/ethanol application were subsequently excised for histology, and measurement of myeloperoxidase (MPO) activity and endogenous trefoil peptides.
ASSESSMENT OF MICROSCOPIC DAMAGE
Tissue samples taken for histology were fixed overnight in 4% neutral buVered formalin, processed and sectioned (4 µm thick), and stained with haematoxylin and eosin. Microscopic damage was quantified by image analysis of stained sections in a blinded fashion as follows: (a) the length of mucosal lesions was measured in arbitrary units and expressed as a ratio of the total length of each section; (b) the cross sectional area of the epithelium, lamina propria, and muscle compartments was quantified in arbitrary units, and expressed as a ratio of the total mucosal area.
MEASUREMENT OF MYELOPEROXIDASE ACTIVITY
MPO was extracted and the activity measured using a modified version of the method described by Bradley et al. 30 Tissue samples were homogenised (50 mg/ml) in ice cold 50 mM potassium phosphate buVer (pH 6.0) containing 0.5% hexadecyl trimethylammonium bromide (HTAB; Sigma). The homogenate was freeze thawed three times, then centrifuged at 15 000 rpm for 20 minutes at 4°C. A 34 µl aliquot of the supernatant was mixed with 986 µl of the same phosphate buffer containing 0.167 mg/ml O-dianisidine dihydrochloride (Sigma) and 0.0005% hydrogen peroxide, and the change in absorbance at 460 nm was recorded by a spectrophotometer. One unit of MPO activity was defined as that consuming one nanomole of peroxide per minute at 22°C. Results were expressed as The endogenous rat trefoil peptides TFF2 and TFF3 were measured by radioimmunoassay as previously described 19 using region specific polyclonal antibodies in each case. The rat TFF2 assay is specific for the murine peptide and does not cross react with human recombinant TFF2. Total protein concentration was determined using a modified version of the protocol by Bradford et al. 31 
STATISTICAL ANALYSIS
Results were expressed as mean (SE), with p value determined by paired t test after analysis of variance (ANOVA). In some cases in which data with wide variances were compared, the Wilcoxon Rank test was used to compare data sets. A p value less than 0.05 was considered to be significant.
Results
The time course of colitis induction and subsequent repair was quantified in order to validate the method and to determine the time of maximal ulceration and inflammation prior to subsequent experiments in which the healing capacity of TFF2 was assessed.
In the colitis time course study (fig 1) , the macroscopic damage score was highest at one and two weeks after induction (p<0.02), but declined by 50% at three and four weeks; by eight weeks the mucosal surface appeared visibly normal. Microscopic damage expressed as the ratio of the length of ulcerated epithelium to the total length of the epithelium sectioned ( fig 2B) , was quantified by image analysis and showed a similar temporal profile after colitis induction to the macroscopic damage score (fig 2A) . Thus damage was as high as 67 (23)% of the epithelium (p<0.07 compared with saline controls) at one week postcolitis induction, falling to 42 (20)% at two weeks and less than 10% at three to eight weeks. Figure 3 illustrates the time course and extent of colitic injury. In contrast to normal mucosal organisation in a control rat (fig 3A) , at one week postcolitis induction ( fig 3B) the epithelium was totally denuded with extensive transmural inflammation. At two weeks ( fig 3C) ulceration and inflammation were still obvious; however, by eight weeks the epithelium was healed and no longer inflamed ( fig 3D) .
Quantitative histology showed that the proportion of the mucosa occupied by intact epithelium was reduced from 51 (7)% in the normal control colon to 11 (8)% at the time of maximal colitic damage (fig 4A) , and had recovered to 32 (3)% by eight weeks, while the lamina propria compartment increased from 12 (2)% in controls to 40 (11)% at one week and had returned to 17 (1)% at eight weeks ( fig 4B) . Together these data suggest that although healing was macroscopically complete two months after colitis induction, the mucosa was thinner and contained above normal numbers of cells associated with the inflammatory response, an observation consistent with that seen in human inflammatory bowel disease.
The notable inflammatory response which accompanies the active phase of colitis during the first two weeks after induction was confirmed by the significant rise in MPO activity at this time from 1.8 (0.2) mU/mg protein prior to colitis to 14 (2) mU/mg at one week, and 11.5 (3) mU/mg at two weeks (both p<0.05), before falling to normal concentrations (2.4 (0.8) mU/mg) by three weeks ( fig 4C) .
As endogenous trefoil peptide concentrations have been shown to parallel the time course of repair in the upper gut, local concentrations of TFF2 and TFF3 were quantified after colitis induction and in the subsequent repair phase. Endogenous TFF3 remained unchanged throughout ( fig 5A) , but TFF2, which has negligible expression in the normal colon, was strongly induced threefold at weeks 1 (p=0.003 compared with control) and 2 (p<0.02) before returning to near basal concentrations by week 3 and thereafter ( fig 5B) .
As the time course study had established that maximal ulceration and inflammation occurred by one week after colitis induction, the eVect of intrarectal administration of recombinant TFF2 on the rate of healing was evaluated at that time. Following protocol B (fig 1) , colitis 
Figure 4 Time course quantitation of the microscopic cross sectional area of mucosal compartment damage after DNBS/ethanol colitis induction, expressed as a percentage of the total cross sectional area of histological sections of epithelium (A) and lamina propria (B); (C) myeloperoxidase (MPO) activity after DNBS/ethanol colitis.
Figure 5 Tissue concentrations of the endogenous trefoil peptides TFF3 (A) and TFF2 (B) after induction of colitis by DNBS/ethanol.
EVect of trefoil peptide in colitis
was induced and allowed to develop until day 6, after which once daily application of TFF2 (0.2 ml, 2.5 mg/kg) commenced until day 10, and rats were sacrificed 24 hours later. Figure 6 shows representative histological sections from randomised blocks from each of two animals in which colitis had been induced and treated for five days with either the vehicle (methylcellulose, fig 6A,B) or TFF2 ( fig  6C,D) . Striking diVerences were observed in animals treated with TFF2. In active colitis (arrows) frank ulceration was apparent with a total loss of epithelium in some cases. The remaining epithelium was often vacuolated and necrotic, and gross intramural inflammatory infiltrate was apparent in all animals. In contrast, after TFF2 treatment the epithelium was mainly intact, with only occasional small lesions. Branching glands characteristic of epithelial rebuilding were common, and the extent of inflammatory cell penetration (mainly neutrophils and macrophages) was reduced by about 30% compared with vehicle controls (see fig 8B) .
Macroscopic and microscopic assessment of injury in the healing study revealed a highly significant reduction in the damage score ( fig  7A,B) . The area of the epithelial compartment was decreased from 39 (2)% (control) to 29 (8)% of total section area in colitis plus vehicle, but increased to 44 (3)% (p=0.09) after TFF2 treatment (fig 8A) , while the lamina propria compartment increased in area from 12 (1)% in controls to 25 (6)% in colitis, and was reduced to 17 (2)% after TFF2 treatment (p=0.1; fig 8B) . These trends further underscore the acceleration of reepithelialisation and reduction in inflammatory infiltration induced by TFF2 seen histologically and in the macroscopic and microscopic damage score. This latter observation was reinforced by the inhibition of MPO activity induced by TFF2, from 15 (2) mU/mg protein in animals with colitis plus vehicle to 8 (2) mU/mg in those with colitis plus TFF2 (p<0.03; fig 8C) .
Commensurate with TFF2 induced repair, endogenous colonic TFF3 tended to increase in the colitis plus vehicle group compared with saline controls (p=0.09) and had returned to control concentrations after TFF2 treatment (p<0.04; fig 9A) . Likewise, colonic TFF2 was significantly higher in the colitis plus vehicle group (p<0.005) compared with saline controls, and was reduced but still elevated above basal concentrations in the TFF2 treated group (p<0.07; fig 9B) . 
Discussion
It is now well established that the trefoil peptides are cytoprotective 23 24 28 31 and are likely to have healing functions in response to a broad range of gastrointestinal damaging agents. This reparative role is supported by the sustained increase in endogenous trefoil peptide concentrations following injury, 16 33 and may be accomplished in several ways, with evidence for participation in the very early phase of gastointestinal repair notable by cell migration across the wound site known as restitution, 22 as well as in the subsequent protracted phase of glandular renewal, notable by cell proliferation and diVerentiation. 16 33 Previous studies have established that the endogenous trefoil peptides may participate in mucosal healing in IBD. Elevated tissue concentrations of the trefoil peptides TFF1 and TFF3 have been shown in active Crohn's disease 15 and in an acetic acid model of colitis 18 ; in the latter they remained elevated even after macroscopic repair was complete. Although TFF3 knockout mice did not develop spontaneous colitis, they were found to be far more susceptible to colonic ulceration and bleeding in response to ingestion of dextran sulphate than wild type controls, suggesting that local expression of this trefoil peptide at least helped to maintain epithelial integrity. In support of this proposition was the partial rescue of the damaged mucosa in one animal by two luminal applications of recombinant TFF3. 20 In this study we have shown that in an established model of colitis, which exhibits damage and repair profiles in common with the human inflammatory bowel diseases ulcerative colitis and Crohn's disease, that luminal application of the trefoil peptide TFF2 (human spasmolytic polypeptide) promotes rapid repair of the epithelium and reduces inflammatory indexes (MPO activity and lamina propria volume) when given in the active (maximally damaging) phase. It is therefore possible that the trefoil peptides reduce the symptoms of colitis by multiple mechanisms, both in accelerating tissue repair, and perhaps by inhibiting inflammatory cell activity or access to the mucosa. Another possibility is that the reduction in inflammation follows as a consequence of the re-establishment of mucosal integrity, as luminal antigens, which initiate the inflammatory response, presumably no longer have epithelial access.
What is the mechanism of action of TFF2 healing in the DNBS/ethanol colitis model? Much circumstantial evidence suggests that the trefoil peptides interact with mucins to augment the barrier function of mucus, which in turn would allow faster repair. This is supported by the presence of trefoils in mucus cells and in the gel lining the colonic epithelium, 15 the augmentation of trefoil induced cytoprotection by mucins, 23 24 and the synergism between trefoil peptides and mucins in enhancing epithelial barrier function. 34 Trefoil peptides are also potent motogens and have been shown to accelerate cell migration by colonocytes 22 and act as chemotaxins for monocytes, 35 both of which participate in reparatory events following damage in IBD.
Apart from the activity of the exogenously applied TFF2, our results show that endogenous TFF2 is induced in the colon with a time course paralleling that of the ulcerative and inflammatory response after DNBS/ethanol. This was most notable for endogenous TFF2, which was hardly detectable in the normal colon, but which was elevated severalfold in the active phase of colitis, and returned to basal concentrations as healing progressed. These data and results from previous studies 18 suggest that expression of all three known trefoil peptide genes is increased in rat models of IBD, and that the eYcacy in accelerating repair is not restricted to trefoil peptides (TFF3) found only in the colon under basal conditions. There are several clinical implications which derive from our observations. Firstly, if endogenous trefoil peptide concentrations in the colon can be augmented specifically, particularly in IBD, then the damaging manifestations of the disease may be reduced or eliminated. To date several neurotransmitters and local peptide regulators of mucin gene expression have been shown to stimulate TFF3 expression in vitro 36 ; however, whether this response is true for other members of the trefoil peptide family and is sustained in vivo or not has yet to be tested. Secondly, in this IBD model TFF2 is more eVective in healing the epithelium after the active colitic damage is maximal than are sulphasalazine, 28 37 prednisolone, 37 or epidermal growth factor. 38 It remains to be seen whether or not trefoil application is eVective in preventing or reducing the extent of disease relapse, which can be induced in this model by multiple subcutaneous injections of the hapten alone after the initial healing phase is complete 39 ; it should be possible to test the eYcacy of TFF2 in this regard in future studies.
The results of this study re-emphasise the key role for the trefoil peptides in resolution of epithelial damage of the gastrointestinal tract, and suggest that TFF2 and probably other members of the trefoil peptide family or their derivatives may have potential as future therapeutic agents in the treatment of inflammatory bowel diseases.
